Carotid atherosclerosis is the primary cause of ischemic stroke. To identify genetic factors 26 contributing to carotid atherosclerosis, we performed quantitative trait locus (QTL) analysis 27 using female mice derived from an intercross between C57BL/6J (B6) and BALB/cJ (BALB) 28 apolipoprotein E (Apoe −/− ) mice. 266 F 2 mice were started on a Western diet at 6 weeks of age 29 and fed the diet for 12 weeks. Atherosclerotic lesions in the left carotid bifurcation and plasma 30 lipid levels were measured. 130 microsatellite markers across the entire genome were 31 genotyped. Three significant QTLs, Cath1 on chromosome (Chr) 12, Cath2 on Chr5, and Cath3 32 on Chr13, and four suggestive QTLs on Chr6, Chr9, Chr17, and Chr18 were identified for 33 carotid lesions. The Chr6 locus replicated a suggestive QTL and was named Cath4. Six QTLs 34 for HDL, three QTLs for non-HDL cholesterol, and three QTLs for triglyceride were found. Of 35 these, a significant QTL for non-HDL on Chr1 at 60.3 cM, named Nhdl13, and a suggestive QTL 36 for HDL on ChrX were new. A significant locus for HDL (Hdlq5) was overlapping with a 37 suggestive locus for carotid lesions on Chr9. A significant correlation between carotid lesion 38 sizes and HDL cholesterol levels was observed in the F 2 population (R=-0.153, P=0.0133). 39 Thus, we have identified several new QTLs for carotid atherosclerosis and the locus on Chr9 40 may exert effect through interactions with HDL. 41 42 3
Introduction 43
Stroke is the leading cause of disability in adults and the fourth most common cause of death in 44 the United States (33). Ischemic stroke, resulting from the obstruction of blood flow to the brain, 45 accounts for over 80% of all stroke cases (4). Most of the ischemic strokes are caused by 46 atherosclerosis in the carotid arteries. Carotid plaques directly or indirectly, through formation 47 of thrombi, result in stenosis of the vessels and block the blood flow to the brain (24). Due to the 48 ready accessibility and the close association with the brain, the carotid arteries are the most 49 extensively studied vessels in vivo with ultrasonography. Patients with noticeable carotid 50 stenosis have severely impaired cerebral blood flow and markedly increased risk for ipsilateral 51 stroke (24), (26) . For those with no obvious carotid stenosis, perspective studies also show a 52
close association between the intima-media thickening and the risk of stroke (21)(25)(48). 53
Intima-media thickening of the carotid arteries is an established parameter of subclinical 54 atherosclerosis(9) (40) . 55 4 organisms. One commonly used mouse model of atherosclerosis is the apolipoprotein E-66 deficient (Apoe -/-) mouse, which develops all phases of atherosclerotic lesions throughout the 67 aorta and its branches (27) . We have demonstrated a dramatic influence of genetic backgrounds 68 on the development of carotid atherosclerosis in Apoe -/-mouse strains (19) . In an intercross 69 derived from C57BL/6 (B6) and C3H/HeJ (C3H) Apoe -/-mice, we performed quantitative trait 70 locus (QTL) analysis and identified the first significant locus for carotid atherosclerosis (19) . Plasma lipid levels. Genome-wide QTL analysis showed that plasma HDL cholesterol, non-160 HDL cholesterol, and triglyceride levels were each controlled by multiple loci (Fig. 5 , Table 1) . 161
For HDL, 2 significant QTLs, located on Chr1 and Chr9, and 4 suggestive QTLs on Chr13, 162 Chr17, Chr19, and the X chromosome were identified. The 2 significant QTLs on Chr1 and 163
Chr9 replicated Hdlq5 and Hdlq17, respectively, which had been mapped in several crosses (53) . 164
The Chr9 locus was partially overlapping with the suggestive locus for carotid atherosclerosis 165 (Table 1 ). The suggestive locus on Chr13 partially overlapped with Lipq2, a locus identified in 166 B6.C-H25C x BALB/cJ) F 2 mice (55). The suggestive QTLs on Chr17 and Chr19 were 167 overlapping in the confidence interval with Hdlq29 and Hdlq32, respectively, identified in a 168 NZB x SM F 2 cross (16). The locus on the X chromosome was novel. For non-HDL 169 cholesterol, 2 significant QTLs on Chr1 and 1 suggestive QTL on Chr6 were identified. LOD 170 score plot for Chr1 showed two distinct peaks, located approximately 14 cM apart (Fig. 6) Recent studies have suggested a role for the proteases in inflammation and atherosclerosis (35) . 239 Ankrd17 encodes an ankyrin repeat protein that mediates protein-protein interactions. Ankyrin 240 repeat proteins are involved in a variety of physiological processes, such as cell cycle control and 241 inflammatory response (17)(54). 242
A new significant locus for carotid atherosclerosis, named Cath3, was found on 243 chromosome 13 at 49 cM. This QTL was colocalized with a HDL locus, Lipq2, originally 244 mapped in a B6.C-H25c x BALB/cJ cross (55) and replicated in the current cross. Moreover, a 245 significant correlation was found between carotid lesion sizes and HDL cholesterol levels in the 246 F 2 population. Bhmt2 (94.4Mb), which is located underneath the linkage peak of Cath3, is a 247 promising candidate gene. It encodes the betaine-homocysteine methyltransferase, an enzyme 248 are also promising candidate genes in the region. They are involved in many processes relevant 256
to atherosclerosis, such as inflammatory response, endothelium dysfunction, diet-induced obesity 257 and insulin resistance (1)(15)(45). 258 We found that QTLs in distal chromosome 1 was responsible for the major variations in 259 plasma HDL, non-HDL cholesterol, and triglyceride levels of the cross. This finding is 260 consistent with our observation made in two separate crosses between B6.Apoe that Soat1 is also a QTL gene contributing to naturally occurring variations in plasma lipid levels 264 of mice (22). In the current cross, we have observed two distinct peaks of the linkage curve for 265 non-HDL cholesterol on chromosome 1 with the distal peak appearing at 74.3cM and the 266 proximal peak at 60.3cM. The bootstrap test, a statistical method for defining the confidence 267 interval of QTLs using simulation (49), also indicated the existence of two QTLs for the trait on 268 chromosome 1. We named the proximal QTL Nhdlq13 to represent a new locus for non-HDL 269 cholesterol in the mouse. Lct (130.2Mb), encoding lactase, is the only candidate gene in the14 A significant QTL for HDL was mapped to chromosome 9 at 24 cM in the current cross. 272
This QTL was overlapping with Hdlq17 mapped in a B6 x 129S1/SvImJ intercross (13), Chol10 273 mapped in a 129S1/SvImJ x RIIIS/J intercross (23), and Phdlc1 mapped in B6 x CASA/RkJ 274 intercross (37). There are several promising candidate genes in the region, including St3gal4 275
Fam55b (48.1Mb), and Fam55d (48.1Mb). 277
Although dyslipidemia is a well-recognized risk factor for ischemic stroke, the present 278 study of F 2 mice has only revealed a weak correlation between carotid atherosclerotic lesion 279 sizes and plasma HDL cholesterol levels. Unexpectedly, no correlations were observed between 280 carotid lesions and non-HDL cholesterol or between carotid lesions and triglyceride levels. A 281 previous study of F 2 mice derived from B6.Apoe Underdominance a The newly identified QTLs were named if they were significant or if they replicated previously reported suggestive ones. The nomenclature of Cath was for carotid atherosclerosis QTLs. The newly identified QTLs were underlined to easily distinguish them from known ones. b LOD scores were obtained from genome-wide QTL analysis using J/qtl software. The significant LOD scores were highlighted in bold. The suggestive and significant LOD score thresholds were determined by 1,000 permutation tests for each trait. Suggestive and significant LOD scores were 2.064 and 3.410, respectively, for carotid atherosclerosis (nonparametric); 2.096 and 3.475 for squire root-transformed carotid atherosclerosis (parametric); 2.090 and 3.600 for HDL cholesterol, 2.081 and 3.513 for NON-HDL cholesterol, and 2.066 and 3.679 for triglyceride. c 95% Confidence interval in cM defined by a whole genome QTL scan. d The p-values reported represent the level of genome-wide significance as they were generated based on genome-wide permutation tests. e Mode of inheritance was defined according to allelic effect at the nearest marker of a QTL. 58643254  T  C  C  Ttc6  12  58677129  G  C  C  Clec14a  12  59365857  T  C  C  12  59366183  T  C  C  12  59366468  G  A  A  12  59368777  T  C  C  12  59369326  T  C  C  12  59369975  C  G  G 12  59369979  G  C  C  Ctage5  12  60232475  T  C  C  Fscb  12  65572716  G  A  A  12  65573078  G  C  C  12  65573952  C  a  A  12  65574300  G  A  A  Klhl28  12  66043857  C  G  G  12 T  T  12  66253824  T  C  C  12  66253867  C  A  A  12  66253871  T  A  A  12  66273454  T  A  A  12 66273538 A G G Analysis was performed using Sanger SNP database (http://www.sanger.ac.uk/cgi-bin/modelorgs/mousegenomes/snps.pl). Yellow color denotes non-synonymous nucleotide substitution and blue denotes synonymous nucleotide substitution.
